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ABSTRACT 
Identifying Myotis Species Using Geometric Morphometrics and its  
Implications for the Fossil Record and Conservation  
by  
Kyle Jansky 
 
Dentaries of the 6 species of Myotis that occur in the eastern United States were analyzed using 
landmark-based geometric morphometrics. The species could be distinguished with a high 
degree of accuracy. Evidence was found of a phylogenetic signal in the morphology of the 
Neotropical and Nearctic Myotis sub-clades. There is also evidence of convergence in the 
morphology of the dentary among Myotis species that feed primarily by gleaning. When 
analyzed together there was no evidence of sexual dimorphism among the 6 eastern U.S. Myotis, 
but when analyzed individually some dimorphism may be present. A sample of fossil Myotis of 
unknown species from Bat Cave, Kentucky, was analyzed in an attempt to identify the specimens 
to species. Results indicate that Myotis austroriparius and M. sodalis predominate the sample, 
possibly with smaller numbers of M. grisescens and M. leibii. This study demonstrates the ability 
to differentiate Myotis taxa from historic and prehistoric sites and provides a tool for researchers 
to better understand and potentially conserve these species.  
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CHAPTER 1 
INTRODUCTION 
 One of the central problems in biological and paleontological research is the 
identification of taxa to meaningful levels. Most avenues of research in these fields are limited 
by the taxonomic resolution possible. The more precisely a specimen can be identified, the 
greater the number of questions it can be used to address. Ideally each specimen would be 
identified to species, and subspecies if applicable. There are situations, however, where this is by 
no means a simple task or even possible. If, for example, there are several closely related and 
morphologically similar species, it may be difficult to correctly identify a given individual. Such 
is the case with the genus studied here, Myotis, which has over 100 species, 38 in the New World 
alone (Simmons 2005). This problem becomes even more difficult when working with limited 
material, i.e. fossils, because far fewer characters will be available to help distinguish between 
species. Despite the difficulties there are numerous cave sites that contain Myotis remains 
(Blaine Schubert, pers. comm. 2012) that could prove informative if particular species could be 
identified. In addition to elucidating the natural history of particular species, knowing which 
species were present at a particular site may have broader ramifications for cave paleoecology, 
because bats differ inter-specifically in terms of roost preferences (Schubert and Mead 2012).  
 One of the most important applications of being able to identify these species is in the 
field of conservation. Two Myotis species in the eastern United States are either endangered (M. 
sodalis; Arroyo-Cabrales and Ticul Alvarez Castaneda 2008) or only recently changed from 
‘endangered’ to ‘near threatened’ (M. grisescens; Arroyo-Cabrales and Timm 2008). 
Additionally, White-Nose Syndrome continues to be a major threat to bats in the region (Frick et 
al. 2010). The ability to identify fossil Myotis to species could serve an important role in 
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identifying caves that were formerly roost sites for species in need of conservation. This would 
help to identify reasons that bats might abandon a roost site. More importantly, if a cave site, 
abandoned as a roost due to human modification of the cave, could be shown to have hosted an 
endangered species, the cave could be restored in hopes that the bats would recolonize the cave. 
This strategy has proven viable in the past (Decher and Choate 1995).  
 This study is an attempt to distinguish the 6 Myotis species (M. austroriparius, M. 
grisescens, M. leibii, M. lucifugus, M. sodalis and M. septentrionalis) that occur in the Eastern 
United States (Whitaker and Hamilton 1979) in the Holocene fossil record. These species were 
analyzed using landmark-based geometric morphometric analysis of the dentary. The choice to 
restrict analyses to these 6 species constrains the applicability of these results by introducing 
several assumptions that must be met before these methods can be validly applied to a given site. 
Specifically, the following assumptions are made: 
o Any Myotis dentaries occurring at the site belong to 1 of the 6 species that currently 
occur in the eastern United States: 
§ Geographic ranges of the species in question have not differed substantially 
since the Mid-Holocene; i.e. the dentaries analyzed do not belong to a species 
currently only occurring beyond this geographic area (for example, the 
western U.S. or Mexico). 
§ The dentaries analyzed do not belong to an extinct species. 
o Any evolutionary change experienced by these species has not substantially affected 
mandibular morphology since the deposition of the relevant fossils.  
o Modern specimens used as known specimens are in fact correctly identified to 
species. 
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CHAPTER 2 
BACKGROUND 
 Any attempt to identify Myotis dentary fossils to species presupposes that they can be 
accurately identified to genus. Czaplewski et al. (2002) note that only 3 North American bat 
genera have a Myotis style lower alveolar formula (3 single-rooted incisors, 1 single-rooted 
canine, single-rooted p2 and p3, double-rooted p4-m3): Corynorhinus, Lasionycteris, and Myotis 
itself. Those authors also noted the following differences between Myotis and the other 2 genera: 
• Both Lasionycteris and Corynorhinus have a short p4; in all North American Myotis the 
p4 is longer than it is wide and rectangular in occlusal view. 
• In dorsal view the dentary of Corynorhinus appears relatively sinuous. 
• In Lasionycteris the lateral mental foramen opens on the side of the dentary between the 
roots of p2 & p3; in Myotis and Corynorhinus the opening is between the canine and p2. 
• In Lasionycteris the p2 and p3 are wider than long in occlusal view and appear 
anteroposteriorly compressed; in Myotis both p2 and p3 are longer than wide. 
Gaudin et al. (2011) state the following differences: 
• In Corynorhinus: “lingual cingulum on molar trigonids absent, leaving distinct 
indentations between the paraconid and metaconid of each tooth; talonid broad 
mesiodistally, breadth nearly equal labiolingual width; m1 paracristid curved with 
paraconid elevated and displaced anteriorly; angular process directed laterally or 
posterlaterally; mandibular foramen typically exposed laterally”. 
• In Lasionycteris: “incisors subequal; main cusp of p3 with lingual crest directed medially 
creating a distinct lingual bulge on the tooth”. 
13 
 Within Myotis, attempts to identify individual species using osteological and dental 
material have met with only partial success. Toomey (1993) was able to identify medium-sized 
Myotis only as ‘robust’ or ‘gracile’, rather than recognizing individual species. Czaplewski et al. 
(2002) found that of the 6 eastern U.S. species, only M. septentrionalis has a strong lingual 
cingulum all the way around the base of the protocone on M1-M3, but they could not distinguish 
the other 5 species. Menzel et al. (2005) studied these 6 species and found that simple univariate 
measurements were not sufficient to distinguish between them, but using discriminant analysis of 
cranial characters they could distinguish 96.9% of specimens accurately, and 99.4% when they 
included external measurements as well. However, their technique requires intact crania, and 
they did not focus on the morphology of the dentary. According to a key for identifying 
Holocene bats from the southeastern United States by Gaudin et al. (2011), Myotis grisescens 
and M. leibii can be distinguished by mandibular and alveolar (c1-m3) lengths (M. grisescens by 
a mandibular length greater than 11.5 mm, M. leibii by a mandibular length less than 11.4 mm 
and alveolar length less than of equal to 5 mm). They also state that M. septentrionalis can be 
distinguished by a p3 that is rectangular in occlusal view (with anteroposterior length greater 
than width), a distinct lingual indentation on p3, a small middle labial cusp on i3 that does not 
extend labially, and mandibular length often greater than 11mm. However, they could find no 
characteristics to distinguish the 3 other eastern U.S. species of Myotis (M. austroriparius, M. 
lucifugus and M. sodalis) to species level. They state, “It seems clear that multivariate 
morphological studies are needed to establish a means to differentiate among the species in this 
genus.”  
 Geometric morphometric techniques have been used successfully in the past to 
differentiate vespertillionid bats. Sztencel-Jabłłonka et al. (2009) differentiated 2 cryptic 
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Pipistrellus species using a landmark-based method analyzing the shape of the cranium and 
dentary. They found mandibular morphology to be a viable method for distinguishing these taxa. 
Gannon and Rácz (2006) had similar success analyzing differences between Myotis auriculus 
and M. evotis.    
 A phylogeny of the species analyzed in this project is provided in Figure 1. This 
phylogeny is based on Stadelmann et al. (2007), a study that used mitochondrial and nuclear 
DNA. One notable conclusion of Stadelmann et al. (2007) is that New World Myotis species are 
monophyletic and separate into 2 sub-clades. One is exclusively Nearctic (including M. evotis, 
M. thysanodes, M. lucifugus, M. sodalis, M. septentrionalis, and M. leibii), while the other is 
primarily, but not exclusively, Neotropical (including M. levis, M. chiloensis, M. velifer, M. 
austroriparius, and M. grisescens).  
 
Figure 1. Phylogeny of the species included in this project. Modified from Stadelmann et al. 
2007 
Myotis	  levis 
M.	  chiloensis 
M.	  velifer 
M.	  grisescens 
M.	  austroriparius 
M.	  evotis 
M.	  thysanodes 
M.	  lucifugus 
M.	  sodalis 
M.	  septentrionalis 
M.	  	  leibii 
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 Another paper on molecular systematics of Myotis (Ruedi and Mayer 2001), although it 
did not include all of these species, agrees with Stadelmann et al. (2007) in the branching order 
of those taxa included in both papers. 
 
Species Accounts 
Myotis austroriparius  
 The geographic range of Myotis austroriparius (Southeastern Myotis) extends from 
Illinois and Indiana in the north to Florida in the south, and from extreme east Oklahoma in the 
West to North Carolina in the east (Barbour and Davis 1969). In the winter it gathers in caves to 
hibernate for up to 7 months, from September or October to February or March, though in the 
south of its range it may remain active for much of the winter (Jones and Manning 1989). Myotis 
austroriparius has been known to form clusters of up to 50 individuals during hibernation 
(Mumford and Whitaker, 1982). Southeastern Myotis have also been known to occur in 
association with groups of M. grisescens (Tuttle 1976), M. lucifugus (Mumford and Whitaker, 
1982) and M. sodalis (La Val 1967). Myotis austroriparius is unique among members of the 
genus in the United States in that it frequently gives birth to twins rather than single young 
(Barbour and Davis 1969). Southeastern Myotis usually feed on airborne insects close to the 
surface of water (Barbour and Davis 1969). 
 
Myotis grisescens 
 The geographic range of M. grisescens (Gray Bat) extends from Indiana and Illinois in 
the north to northern Florida in the south, and from Kansas in the west to Tennessee and Florida 
in the east (Hall and Kelson 1959). Myotis grisescens is 1 of the largest species of the genus in 
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North America (Decher and Choate 1995). Gray Bats prefers to forage in riparian areas and may 
competitively exclude M. sodalis from such sites. Myotis grisescens is 1 of few bats that roost in 
caves year-round (Sealander and Young 1955). Although it prefers colder caves than any other 
Myotis in its range (Tuttle 1975) M. grisescens can sometimes be found in association with M. 
austroriparius (Tuttle 1976) or M. sodalis (Sealander and Young 1955). The Gray Bat was 
considered endangered for over 30 years until successful conservation efforts rendered it eligible 
for a change in status to ‘near threatened’ in 2008 (Arroyo-Cabrales and Timm 2008). At 1 point 
95% of the total population may have been concentrated in just 9 caves (Brady et al. 1982). 
Myotis grisescens may cluster in dense groups with a mean number of 1828 individuals per 
square meter (Tuttle 1976).  
 
Myotis leibii 
 In the United States Myotis leibii (Eastern Small-footed Myotis) ranges from New 
England in the north and east to Georgia in the south and to Missouri and Arkansas in the west 
(Barbour and Davis 1969). The Eastern Small-footed Myotis is the smallest Myotis in the eastern 
United States (Mohr 1936). Myotis leibii is relatively uncommon compared to the other species 
in its range (Barbour and Davis 1969). Eastern Small-footed Myotis are less susceptible to ill 
effects of cold weather than related species, entering caves relatively late in fall (Barbour and 
Davis 1969) and leaving in spring before Myotis sodalis and M. lucifugus are active (Mohr 
1936). Additionally, Myotis leibii is almost continually active throughout winter (Mohr 1942). 
Although M. leibii is usually solitary (Martin et al. 1966), it may occur in groups of up to 50 
(Barbour and Davis 1969). Myotis leibii has been known to cohabitate caves with Myotis 
lucifugus, M. septentrionalis, and M. sodalis (Allen 1939). 
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Myotis lucifugus  
 Myotis lucifugus (Little Brown Bat) ranges throughout most of North America, coast to 
coast from Alaska into Mexico (Barbour and Davis 1969). It has been shown that individual Litle 
Brown Bats may go as long as 90 days without arousing from torpor during hibernation; this is 
thought to be a means of conserving energy (Menaker 1964). Myotis lucifugus has been known 
to roost in clusters of 1000 (Thomas 1993), and is known to co-occur with M. austroriparius 
(Mumford and Whitaker, 1982), M. leibii, M. septentrionalis, and M. sodalis (Allen 1939). 
 
Myotis septentrionalis  
 Myotis septentrionalis (Northern Long-eared Bat) is widely distributed in the U.S. and 
Canada. In the United States it stretches from Wyoming across the northern border and down 
into northern Florida (Barbour and Davis 1969). Like other Myotis in its range, Myotis 
septentrionalis hibernates in caves during the winter (Whitaker and Rissler 1992). Northern 
Long-eared Bats may co-occur with M. leibii, M. lucifugus, and M. sodalis (Allen 1939) in 
hibernacula. 
 Myotis septentrionalis has a unique primary foraging strategy among its congeners in the 
eastern United States, often feeding by gleaning, or catching prey off of a substrate. Other 
species of Myotis feed primarily on flying insects (catching them in mid-air), an activity known 
as hawking (Faure et al. 1993). Members of the genus Myotis do exhibit some behavioral 
plasticity in foraging strategy. Myotis lucifugus and M. septentrionalis are both known to engage 
in both foraging strategies but in different proportions. Myotis septentrionalis is more specialized 
for gleaning (Ratcliffe and Dawson 2003). Gleaning permits access to a different range of insect 
taxa than hawking (Faure et al. 1993), which might demand different morphological adaptations 
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for processing food. Myotis septentrionalis has a relatively longer tail and greater wing area than 
hawking Myotis species, which may be associated with gleaning, as these adaptations provide 
greater maneuverability at slow speeds and in cluttered environments (Norberg and Rayner 1987; 
Faure et al. 1993).  
 
Myotis sodalis  
 Myotis sodalis (Indiana Bat) ranges from Iowa and Vermont in the north to eastern 
Oklahoma and Florida in the south (Barbour and Davis 1969). Myotis sodalis is currently 
considered an endangered species (Arroyo-Cabrales and Ticul Alvarez Castaneda 2008). In 1978 
91% of the population was concentrated in just 10 hibernacula (IUCN 1978). Declining 
populations resulted from natural hazards, human disturbance, and altered microclimate in 
hibernacula (Thomson 1982). In roosts, M. sodalis has been found in association with M. 
austroriparius (La Val 1967), M. grisescens (Sealander and Young 1955), M. leibii, M. 
lucifugus, and M. septentrionalis (Allen 1939). There is a tendency among M. sodalis to form 
large, dense clusters in hibernacula (Guthrie 1933). Indiana Bats prefer to forage along riparian 
areas, though it is thought that they can be competitively excluded from preferred foraging sites 
by M. grisescens (Humphrey et al. 1977).  
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White-Nose Syndrome 
 White-Nose Syndrome (WNS) is a disease, named for the characteristic white fungus that 
grows on the muzzles, ears, and wings of infected bats, currently causing massive die-off of bat 
populations in eastern North America (Blehert et al. 2009). The fungal species, Geomyces 
destructans, introduced from Europe, has been shown to be the primary pathogen of WNS 
(Lorch et al. 2011; Warnecke et al. 2012). Mortality is caused by exhaustion of fat reserves due 
to more frequent arousal from torpor (Warnecke et al. 2012). There is some evidence that 
increased frequency of arousal results from dehydration due to increased evaporative water loss 
(Cryan et al. 2010; Willis et al. 2011; Warnecke et al. 2012). Cryan et al. (2010 ) hypothesized 
that as the fungus infects the wing membranes it may increase the effective evaporative surface 
or actively wick water away; additionally the fungus may disrupt passive gas exchange across 
wing membranes, resulting in increased respiration and consequent loss of water from 
respiratory tissues. There is evidence that species with higher rates of evaporative water loss are 
more susceptible to WNS (Cryan et al. 2010). Bat populations are particularly vulnerable to this 
disease due to low rates of reproduction, at about 1 pup per year for most species (Fenton 2012); 
this also implies that recovery will be difficult even if species escape extinction.  
 White-Nose Syndrome was first documented in New York State in 2006 (Blehert et al. 
2009). As of 2011 WNS was confirmed to be present at 190 sites in 16 states and 4 Canadian 
provinces, with 3 additional states suspected of infection (Turner et al. 2011). White-Nose 
Syndrome was conservatively thought to have killed over 1 million bats by 2009 (Kunz and 
Tuttle 2009). Significant mortality has been observed in 6 species: Eptesicus fuscus, Perimyotis 
subflavus, Myotis leibii, M. lucifugus, M. septentrionalis, and M. sodalis (Turner et al. 2011). 
Three additional species, Myotis austroriparius, M. grisescens, and M. velifer have documented 
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cases of infection but no histological evidence of tissue damage or mortality (Turner et al. 2011). 
The overall bat population in affected areas is estimated to have declined by 88% (Turner et al. 
2011). However, mortality rates differ substantially between species; 98% for Myotis 
septentrionalis, 91% for M. lucifugus, 75% for Perimyotis subflavus, 72% in the endangered M. 
sodalis, 41% for Eptesicus fuscus, and 12% for M. leibii (Turner et al. 2011). Models have 
predicted the regional extirpation of M. lucifugus by 2026 with 99% probability, and even if 
mortality ameliorates over time the overall population is expected to decline to less than 1% of 
the pre-WNS levels by 2030 (Frick et al. 2010). Throughout North America as many as 25 
species may be susceptible to WNS (Turner et al. 2011).  
 
Bat Cave Excavation 
 Bat Cave is located in Mammoth Cave National Park, Kentucky, and contains large 
deposit of bat remains (Colburn 2005). The deposit is thought to have been caused by 1 or more 
floods that killed the bats, probably while they hibernated (Colburn 2005). The most recent 
excavation of this deposit occurred in 1999 and is described by Colburn (2005).  The following 
description summarizes that report.  The excavation removed a unit 15 cm long by 10 cm wide 
and 40 cm deep, in 11 levels, which approximately correspond to the natural stratigraphy, though 
not perfectly due to the intertwining of the bones. Levels ranged from 2 cm (level 8) to 7 cm 
(level 10) thick. and yielded 3064 bat bones and thousands of untallied fragments, as well as a 
small amount of non-bat material. The minimum number of individual (MNI) bats, based on 
distal humeri, is 1321 (Colburn 2005).  
 The taxonomic analysis by Colburn (2005) notes there were 141 skull fragments 
identifiable to genus or species, the majority of which were Myotis dentaries.  Of this material 6 
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dentaries were attributed to M. leibii based on total length less than 10mm, 2 crania were 
attributed to M. lucifugus or Myotis cf. M. lucifugus, 4 crania to M. sodalis or Myotis cf. M. 
sodalis, 1 cranium to Corynorhinus sp. and 2 dentaries and a canine to Eptesicus fuscus. The rest 
were identified as either Myotis sp. or medium-sized Myotis (Colburn 2005). Earlier studies 
identified crania consistent with M. sodalis (Jegla 1961) and E. fuscus, Perimyotis subflavus, and 
Myotis spp. (Macgregor 1991).  
 A number of bat species have also been collected or witnessed live at Bat Cave. The 
Smithsonian Institution National Museum of Natural History has specimens of Myotis 
austroriparius, M. lucifugus, M. sodalis, and Perimyotis subflavus (collections records). Bat 
Cave serves as a hibernaculum for groups of M. lucifugus, with a fairly stable population in the 
200-300 range, and M. sodalis, which used to have a comparable population but has declined to 
31-39 in recent years (Macgregor 1999 and Wethington 2004; personal communications to Mona 
Colburn in Colburn 2005; Colburn 2005). The following species have occasionally been 
recorded at the cave as well: Eptesicus fuscus, Corynorhinus rafinesquii, Myotis septentrionalis, 
and M. grisescens, which has a bachelor colony at the cave during the summer (Colburn 2005). 
Colburn’s (2005) data were interpreted as evidence that use of the cave by M. lucifugus and/or 
M. sodalis has decreased since deposition of the fossil layers. Macgregor (1991) speculates that 
today the cave is too warm and humid to serve adequately as a hibernaculum for M. sodalis.  
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CHAPTER 3 
METHODS 
General Procedures 
 Bats from 11 species in the genus Myotis were included in various statistical analyses. 
These species were: M. austroriparius, M. chiloensis, M. evotis, M. grisescens, M. leibii, M. 
levis, M. lucifugus, M. septentrionalis, M. sodalis, M. thysanodes, and M. velifer. The modern 
comparative specimens in my analyses were from the Smithsonian Institution National Museum 
of Natural History and are listed in Appendix 1. Fossil specimens from Bat Cave, KY, curated at 
the Illinois State Museum, were also analyzed; these specimens are also listed in Appendix 1. 
The reasons for selecting these species relate to the individual research questions discussed 
below.  
 For this project only the dentary was analyzed. This element was selected for 2 reasons. 
First, the dentary is among the most common elements in the fossil record of North American 
Myotis (personal observation based on literature review). Thus, using the dentary results of this 
project may be more widely applicable than if a scarcer element, or a combination of multiple 
elements had been selected. Additionally, previous studies analyzing the dentary in other bat taxa 
have met with success (Gannon and Rácz, 2006, Sztencel-Jabłłonka et al. 2009) using geometric 
morphometrics to distinguish between individual species. 
 To ensure that landmarks were homologous and not artifacts of photographic procedure, 
a consistent photographic protocol was used (this protocol was the same for composite images 
created with the syncroscopy microscope and the true photographs). Dentaries were 
photographed in labial view. Orientation was standardized by ensuring that the tip of coronoid 
process, tip of angular process, and distal tip of mandible were on a single plane, perpendicular 
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to the photographic angle. The right dentary was used when available. However, in a few cases 
the Bat Cave specimens consisted of only a left dentary. In such cases the left dentary was 
photographed and the resulting image reflected digitally prior to inclusion in the analyses; these 
specimens are noted in Appendix 1.  
 Photographs were converted into tps files using the program TPSUtil. Landmarks were 
digitized using the program tpsDIG2. Data were superimposed using a General Procrustes 
Analysis in the program TPSSUPER. The resulting data were converted into a Microsoft Excel 
file and analyzed in the program SPSS, which was used to carry out principle component 
analyses, discriminant function analyses, and stepwise discriminant function analyses. When 
discriminating between groups both a discriminant function analysis and a stepwise discriminant 
function analysis were performed. However, the regular discriminant analysis always 
distinguished the groups more effectively, so only these results will be reported. To help 
visualize the differences between key groups, Thin-Plate Splines were created using the program 
tpssplinw32.exe. 
 Seventeen landmarks were used in this project: the majority are the tips of processes and 
the posterior of alveoli. Previous studies (e.g. Sztencel-Jabłłonka et al. 2009) have also used the 
tips of cusps as landmarks; these were omitted in the current analyses out of concern that 
differential wear might render these points non-homologous. The landmarks used here are 
defined in Table 1 and illustrated in Figure 2.  
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Table 1. Landmarks Used 
Landmark Definition 
1.  Tip of coronoid process: point of maximum curvature 
2.  Angle of mandibular condyle and coronoid process: point of maximum curvature 
3.  Tip of mandibular condyle: point of maximum curvature 
4.  Angle of mandibular condyle and angular process: point of maximum curvature 
5.  Tip of angular process: point of maximum curvature 
6.  Most ventral point of mandibular symphysis: point of maximum curvature 
7.  Ventral angle of masseteric fossa: point of maximum curvature 
8.  Posterior of the base of m3 (at the alveolus) 
9.  Posterior of the base of m2 (at the alveolus) 
10.  Posterior of the base of m1 (at the alveolus) 
11.  Posterior of the base of p3 (at the alveolus) 
12.  Posterior of the base of p2 (at the alveolus) 
13.  Posterior of the base of p1 (at the alveolus) 
14.  Posterior of the base of c (at the alveolus) 
15.  Posterior of the base of i3 (at the alveolus) 
16.  Posterior of the base of i2 (at the alveolus) 
17.  Posterior of the base of i1 (at the alveolus) 
 
 
 
 
 
 
 
 Figure 2. Myotis dentary showing the landmarks used in this project 
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 One concern in this project was whether or not the placement of these landmarks could 
be replicated using the definitions provided. To assess this question, a tps file was created with 4 
duplicates each of 28 randomly selected specimens (for a total of 112 images). These specimens 
were not separately photographed for each of the 4 replicate images. Landmarks were digitized 
for each of these images over 2 sessions and then superimposed as usual. A discriminant analysis 
sorting the 112 sets of landmarks by specimen provided an estimate of how consistently the 
landmarks were placed. 
 
Individual Analyses 
 A series of initial analyses were carried out using a subset of the final sample of eastern 
U.S. Myotis to assess the potential viability of this procedure. This subset used composite images 
created using a syncroscopy microscope rather than true photographs; the specimens imaged this 
way are noted at the end of Appendix 1.  These analyses used several different landmark 
schemes (to be discussed in Appendix 2) in attempt to find which was most suitable for this 
project. Results of these initial analyses led to several subsidiary research questions.  
 To test the hypothesis that Myotis austroriparius and M. grisescens were grouping 
together due to phylogeny, a discriminant analysis of the 2 New World Myotis sub-clades was 
performed, adding M. levis, M. chiloensis, and M. velifer as additional members of the 
Neotropical sub-clade.  To test the hypothesis that M. septentrionalis was morphologically 
distinct due to its differing foraging strategy, a discriminant analysis was carried out to separate 
aerial hawking species from gleaning species. Specimens of 2 other species known to rely 
heavily on gleaning  (M. evotis and M. thysanodes) were included along with M. septentrionalis. 
These 2 species were also selected because they are more closely related to M. lucifugus and M. 
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sodalis than to M. septentrionalis (Stadelmann et al. 2007), which controls for the effects of 
phylogeny in the analysis. The ‘Hawker’ group in this analysis included Myotis austroriparius, 
M. grisescens, M. leibii, M. lucifugus, M. sodalis, and M. velifer.  
 A series of analyses of the sexual dimorphism in the 6 eastern U.S. Myotis were also 
performed. Because an earlier analysis of interspecific differences failed to distinguish these 
species with 100% accuracy, the initial analysis of sexual dimorphism included all 6 species 
together. If successful this would indicate that there are features consistently sexually dimorphic 
across all 6 species. This would allow conclusions to be drawn about the sex ratio of individual 
fossil localities regardless of whether or not the species involved can be accurately identified. 
The 6 species were also analyzed individually for sexual dimorphism. Specimens of unknown 
sex were included in the analyses as unknowns, rather than removed, so that the superimposition 
would be based on a more robust sample size.  
 These procedures were also applied to a cave site (Bat Cave, Kentucky) in an attempt to 
determine the species present in the fossil record of this site. Specimens were photographed by 
staff of the Illinois State Museum following the photographic protocol described above, and the 
resulting images sent to the author for analysis. Unfortunately some specimens had to be 
excluded either because they were fragmentary or because sediment obscured 1 or more of the 
landmarks. Landmarks were digitized for the 48 usable specimens listed in Appendix 1. These 
were then treated as unknowns in discriminant function analyses of the 6 species of eastern U.S. 
Myotis. Early results indicated that neither M. lucifugus or M. septentrionalis were major 
components of this fauna, so analyses were repeated without these 2 species in attempt to 
determine more accurately which of the remaining species were present.  
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 In some cases individual specimens were excluded from some or all analyses. A number 
of specimens were photographed but on closer inspection were found to be either broken or 
pathological; such specimens were excluded from all analyses and are not included in sample 
sizes or on the specimen list. Two specimens (USNM 554310 and USNM 363418) were 
photographed but later found to have an anomalous dental formula. This precluded their 
inclusion in the analyses as they lacked 1 of the necessary landmarks. These specimens will be 
discussed in greater detail in the results and discussion sections. Two specimens (USNM 554302 
& USNM 554309), labeled as Myotis septentrionalis, proved to be highly anomalous for this 
species. These specimens were separately analyzed as unknowns in order to draw tentative 
conclusions about their identification. They were excluded from further analyses as a precaution 
against the possibility that they are misidentified. These specimens will also be discussed in 
greater detail in the results and discussion sections.  
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CHAPTER 4 
RESULTS 
Anomalous Specimens 
 
 Two of the specimens photographed at the Smithsonian Institution National Museum of 
Natural History were found to have an anomalous dental formula. Myotis normally have a lower 
dental formula of 3.1.1.3. An example of typical Myotis lower dentition is provided in Figure 3. 
In contrast, USNM 554310 (Figure 4; recorded as Myotis septentrionalis) and USNM 36418 
(Figure 5; recorded as Myotis lucifugus) have a lower dental formula of 3.1.2.3; both appear to 
be missing 1 premolar. There is neither an alveolus nor a gap in the dentition of these specimens. 
Ordinarily Myotis have a single-rooted p2 and p3, and a double-rooted p4 (Czaplewski et al. 
2002). A double-rooted p4 is present in both USNM 554310 and USNM 36418. However, in 
both cases the anterior premolar is morphologically more consistent with a typical Myotis p2 
than p3; the base of the tooth is wider in labial view than would be expected for a p3. The 
retention of p2 and p4 and loss of p3 is the typical pattern of premolar reduction and loss in the 
Microchiroptera (Allen 1939).  
   Two specimens recorded as Myotis septentrionalis (USNM 554302 and USNM 
554309) plotted as significant outliers for this species in early versions of the analyses. Figure 6 
shows a PCA of these and other M. septentrionalis specimens, highlighting this disparity. 
Figures 7 and 8 are Thin-Plate Splines of the consensus of other M. septentrionalis specimens 
warped to match USNM 554302 and USNM 554309 respectively. 
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Figure 3. A typical Myotis dentary: USNM 82463 (Myotis sodalis) 
 
 
Figure 4. USNM 554310 (recorded as Myotis septentrionalis); the dental formula of this 
specimen is anomalous for Myotis 
 
 
Figure 5. USNM 36418 (recorded as Myotis lucifugus); the dental formula of this specimen is 
anomalous for Myotis 
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Figure 6. Principal Component Analysis of Myotis septentrionalis, with anomalous specimens 
USNM 554302 and USNM 554309 indicated 
 
 In both cases the differences seem to be: deeper mandibular symphysis, anterior of 
dentary expanded generally, posterior of dentary expanded, tip of the coronoid process more 
posterior, mandibular condyle and angular process less dorsally oriented. When these specimens 
were treated as unknowns in a series of discriminant analyses between M. septentrionalis and 
each of the other 5 eastern U.S. Myotis in turn they were invariably placed in the other species.  
 Although these specimens consist only of skulls and dentaries, external measurements 
recorded on the tags are rather small compared to other M. septentrionalis collected at the same 
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locality and at the same approximate time, with the exception of USNM 554310, which had 
measurements similar to USNM 554309 (Suzanne Peurach, pers. comm. 2012). 
 
Figure 7. Thin-Plate Spline of Myotis septentrionalis consensus warped to match USNM 554302 
 
 
 
 
 
 
 
 
Figure 8. Thin-Plate Spline of Myotis septentrionalis consensus warped to match USNM 554309 
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Repeatability of Landmark Placement 
 
 A discriminant analysis of 112 images (four separately digitized replicates each of 28 
randomly selected specimens) correctly classified 100% of the images to specimen. Cross-
validation also identified 100% of images to the correct specimen. This DFA is shown in  
Figure 9.  
 
Figure 9. Discriminant Function Analysis of 28 randomly chosen specimens independently 
digitized 4 times each and discriminated by specimen  
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Analysis of the 6 eastern U.S. Myotis species 
 
 Figure 10 is a PCA of the 6 eastern U.S. Myotis. All species overlap with others. 
However, there is a gradient along the first principle component. Myotis austroriparius is 
furthest left. Myotis grisescens also groups towards the left, though to a lesser extent than M. 
austroriparius. Myotis leibii, M. lucifugus, and M. sodalis all group more or less in the middle 
and overlap with all other species. Myotis septentrionalis occurs at right and overlaps with M. 
leibii, M. lucifugus and M. sodalis only slightly, and not at all with M. austroriparius and M. 
grisescens.  
 
Figure 10. Principal Component Analysis of the 6 Myotis species that currently occur in the 
eastern United States. 
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 Along the second principle component the pattern is comparatively faint; all species 
overlap almost entirely. Myotis septentrionalis and M. leibii score more positively on average 
along this axis than M. grisescens and M. sodalis. Myotis austroriparius groups towards the 
center of this axis and M. lucifugus extends across almost the entire range for all species 
combined. Figure 11 shows how these species plot along the first 2 discriminant functions. The 
most obvious pattern is that M. leibii and M. septentrionalis clearly separate from each other and 
from the other 4 species.  
 
Figure 11. Discriminant Function Analysis of the 6 eastern U.S. Myotis species 
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 The first discriminant function primarily separates M. septentrionalis from M. 
austroriparius, M. grisescens, M. lucifugus and M. sodalis, and partially from M. leibii. Myotis 
leibii also scores higher along this axis than the other species aside from M. septentrionalis. The 
second discriminant function mostly distinguishes M. leibii from the others, particularly M. 
septentrionalis, M. sodalis and M. grisescens. Myotis austroriparius, M. grisescens, M. 
lucifugus, and M. sodalis overlap heavily, though M. austroriparius-M. sodalis pair less so than 
the others. Table 2 shows the results of a discriminant analysis of the 6 eastern U.S. Myotis. 
Overall 93.2% of specimens were correctly identified to species.  
 
Table 2. Results of Discriminant Analysis of the 6 Eastern U.S. Myotis 
 
 
 
Species 
    Predicted Species  
 
Total 
M.  
austroriparius 
M. 
grisescens 
   M. 
 leibii 
M. 
lucifugus 
M. 
septentrionalis 
M. 
sodalis 
Original 
Count 
M. austroriparius 27 1 0 1 0 0 29 
M. grisescens 2 37 0 1 0 0 40 
M. leibii 0 0 36 0 0 1 37 
M. lucifugus 1 3 0 33 0 1 38 
M. septentrionalis 0 0 0 0 39 0 39 
M. sodalis 0 0 1 2 1 35 39 
% 
M. austroriparius 93.1 3.4 .0 3.4 .0 .0 100.0 
M. grisescens 5.0 92.5 .0 2.5 .0 .0 100.0 
M. leibii .0 .0 97.3 .0 .0 2.7 100.0 
M. lucifugus 2.6 7.9 .0 86.8 .0 2.6 100.0 
M. septentrionalis .0 .0 .0 .0 100.0 .0 100.0 
M. sodalis .0 .0 2.6 5.1 2.6 89.7 100.0 
Cross-
validatedb 
Count 
M. austroriparius 21 4 0 4 0 0 29 
M. grisescens 5 32 0 2 0 1 40 
M. leibii 0 0 34 1 0 2 37 
M. lucifugus 1 3 1 29 0 4 38 
M. septentrionalis 0 0 0 0 38 1 39 
M. sodalis 1 1 2 3 1 31 39 
% 
M. austroriparius 72.4 13.8 .0 13.8 .0 .0 100.0 
M. grisescens 12.5 80.0 .0 5.0 .0 2.5 100.0 
M. leibii .0 .0 91.9 2.7 .0 5.4 100.0 
M. lucifugus 2.6 7.9 2.6 76.3 .0 10.5 100.0 
M. septentrionalis .0 .0 .0 .0 97.4 2.6 100.0 
M. sodalis 2.6 2.6 5.1 7.7 2.6 79.5 100.0 
a. 93.2% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the 
functions derived from all cases other than that case. 
c. 83.3% of cross-validated grouped cases correctly classified. 
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 Results for individual species ranged from 86.8% correctly identified (M. lucifugus; 5 of 
33 misidentified) to 100% (M. septentrionalis). The number of false positives ranged from 1 (M. 
leibii) to 4 (M. grisescens and M. lucifugus).  
 Figure 12 is a PCA of Myotis austroriparius, M. lucifugus, and M. sodalis, the 3 species 
between which previous studies have been unable to distinguish. Myotis austroriparius scores 
lowest on the first principle component and has the narrowest range along the second principle 
component. Myotis lucifugus and M. sodalis show very little difference here.  
 
Figure 12. Principal Component Analysis of Myotis austroriparius, M. lucifugus and M. sodalis 
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 Table 3 shows the results of a discriminant analysis of these 3 species. Overall 97.2% of 
individuals were correctly classified. Among M. austroriparius 2 specimens were misidentified 
and there were no false positives. Only 1 M. lucifugus was misidentified (as M. sodalis), and 
there were 2 false positives. No M. sodalis were misidentified and this species had only 1 false 
positive.  
 
Table 3. Results of Discriminant Analysis of Myotis austroriparius, M. lucifugus and M. 
sodalis 
 
 
Species 
      Predicted Species  
         Total     M.  
austroriparius 
         M.  
lucifugus 
         M.  
sodalis 
Original 
Count 
M. austroriparius 27 2 0 29 
M. lucifugus 0 37 1 38 
M. sodalis 0 0 39 39 
% 
M. austroriparius 93.1 6.9 .0 100.0 
M. lucifugus .0 97.4 2.6 100.0 
M. sodalis .0 .0 100.0 100.0 
Cross-validatedb 
Count 
M. austroriparius 24 4 1 29 
M. lucifugus 4 29 5 38 
M. sodalis 1 4 34 39 
% 
M. austroriparius 82.8 13.8 3.4 100.0 
M. lucifugus 10.5 76.3 13.2 100.0 
M. sodalis 2.6 10.3 87.2 100.0 
a. 97.2% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by 
the functions derived from all cases other than that case. 
c. 82.1% of cross-validated grouped cases correctly classified. 
 
 Figure 13 displays the results of this discriminant analysis as a plot. The first discriminant 
function separates M. austroriparius and M. sodalis, while the second discriminant function 
largely separates M. lucifugus from the other 2.  
 The actual shape differences implied by this analysis are imaged as a series of Thin-Plate 
Splines in Figures 14, 15, and 16. Two splines have been included for each species pair (species 
A warped to match species B and species B warped to match species A) because although the 
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information is redundant, a side-by-side comparison of the 2 splines may make it easier to spot 
the differences between species. Most differences are fairly subtle.  
 
Figure 13. Discriminant Function Analysis of Myotis austroriparius, M. lucifugus and M. 
sodalis 
  
Figure 14 highlights the difference between M. austroriparius and M. sodalis. In M. sodalis the 
masseteric fossa is wider with a taller anterior edge, and the alveoli of the incisors are more 
widely spaced. Myotis austroriparius has a more posteriorly oriented mandibular condyle.  
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A.
 
B. 
 
Figure 14. Thin-Plate Splines comparing Myotis austroriparius and M. sodalis: (A) M. 
austroriparius warped to match M. sodalis, (B) M. sodalis warped to match M. austroriparius 
 
 
 The differences between M. lucifugus and M. austroriparius are shown in Figure 15. In 
M. austroriparius the mandibular condyle is more posteriorly oriented (less dorsally oriented) 
than in M. lucifugus. Additionally, the landmarks at the rear of i1 and i2 are located more 
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ventrally compared to i3 in M. austroriparius. The tip of the coronoid process has a more 
anterior position in M. lucifugus.  
A.  
 
B.  
 
Figure 15. Thin-Plate Splines comparing Myotis austroriparius and M. lucifugus: (A) M. 
austroriparius warped to match M. lucifugus: (B) M. lucifugus warped to match M. 
austroriparius  
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 Finally, Figure 16 emphasizes the differences between M. lucifugus and M. sodalis. 
Myotis sodalis has a wider masseteric fossa and the incisors are more widely spaced. The alveoli 
of p2 and p3 are slightly more dorsal in M. lucifugus compared to the alveoli of the adjacent 
teeth.   
A. 
 
B. 
 
Figure 16. Thin-Plate Splines comparing Myotis lucifugus and M. sodalis: (A) M. lucifugus 
warped to match M. sodalis: (B) M. sodalis warped to match M. lucifugus 
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Analysis of the New World Myotis sub-clades 
 New World Myotis sub-clades were analyzed to test whether M. austroriparius and M. 
grisescens were morphologically similar due to shared phylogeny; both are in the ‘Neotropical’ 
sub-clade. Figure 17 shows a principle component analysis of these sub-clades. The Neotropical 
sub-clade largely overlaps with the Nearctic but occupies only a subset of the morphospace of 
the latter, with only a few outliers scoring lower on the first 2 principle components. The range 
of the Nearctic sub-clade extends higher on both of the first 2 principle components. 
 
Figure 17. Principal Component Analysis of the Neotropical and Nearctic sub-clades of new 
world Myotis  
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 Table 4 shows the results of a discriminant analysis of the Nearctic and Neotropical 
Myotis sub-clades. These groups were distinguished with 94.3% accuracy.  Members of the 
Neotropical sub-clade were identified with slightly more accuracy than members of the Nearctic 
sub-clade (96.4% vs. 92.8% correctly classified). Cross-validation distinguished the groups only 
slightly less successfully, with a success rate of 90.2%. Figure 18 shows the sub-clades plotted 
along the discriminant function. Although there is some overlap between the groups, the 
distribution is bimodal and fairly well separated. 
 
Table 4. Discriminant Analysis of the New World Myotis Sub-Clades 
 
 
Sub-Clade 
   Predicted Sub-Clade  
         Total       Neotropical            Nearctic 
Original 
Count 
Neotropical 107 4 111 
Nearctic 11 142 153 
% 
Neotropical 96.4 3.6 100.0 
Nearctic 7.2 92.8 100.0 
Cross-validatedb 
Count 
Neotropical 103 8 111 
Nearctic 18 135 153 
% 
Neotropical 92.8 7.2 100.0 
Nearctic 11.8 88.2 100.0 
a. 94.3% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 90.2% of cross-validated grouped cases correctly classified. 
 
 The shape difference implied by these results is shown as a Thin-Plate Spline (Figure 19). 
In the Neotropical sub-clade the mandibular condyle and angular process appear slightly 
expanded posteriorly. The ventral point of the mandibular symphysis is slightly more postero-
ventral. The body of the mandible under the premolars is slightly deeper dorsal to ventral.  
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Figure 18. Discriminant Function Analysis of the New World Myotis sub-clades 
 
 
Figure 19. Thin-Plate Spline of the Nearctic Myotis sub-clade warped to match the Neotropical 
sub-clade 
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Foraging strategy analyses 
 A PCA of hawking and gleaning Myotis is provided in Figure 20. Members of the 
Gleaning group tend to score higher on the first principle component but have a wider range on 
the second principle component.  
 
Figure 20. Principal Component Analysis of hawking and gleaning Myotis species 
  
 Table 5 shows the results of a discriminant function analysis of the hawking and gleaning 
Myotis species. These groups were distinguished correctly 97.9% of the time. Only 1 gleaner (of 
73) was misclassified as a hawker, and only 5 hawkers (out of 211) were misclassified as 
gleaners. Figure 21 presents these groups according to their score on the discriminant function. 
The distribution is clearly bimodal with very little overlap.  
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Table 5. Discriminant Analysis of Foraging Strategy Among New World 
Myotis 
 
 
Foraging Style 
           Predicted Foraging Style  
Total Hawkers Gleaners 
Original 
Count 
Hawkers 206 5 211 
Gleaners 1 72 73 
% 
Hawkers 97.6 2.4 100.0 
Gleaners 1.4 98.6 100.0 
Cross-validatedb 
Count 
Hawkers 203 8 211 
Gleaners 3 70 73 
% 
Hawkers 96.2 3.8 100.0 
Gleaners 4.1 95.9 100.0 
a. 97.9% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is 
classified by the functions derived from all cases other than that case. 
c. 96.1% of cross-validated grouped cases correctly classified. 
 
 
 
Figure 21. Discriminant Function Analysis of Myotis by foraging strategy 
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 To visualize the morphological differences between hawkers and gleaners a pair of Thin-
Plate Splines are illustrated in Figure 22. Species that forage primarily by gleaning appear to 
have the following characteristics: base of the mandibular condyle is more anterior, ramus of the 
mandible is taller, mandibular symphysis is less deep than in hawkers, alveoli of the premolars 
are more ventral compared to the other teeth, especially incisors, which are more tightly spaced.  
 
A. 
 
B. 
 
Figure 22. Thin-Plate Splines comparing gleaning to hawking Myotis species: (A) gleaners 
warped to match hawkers, (B) hawkers warped to match gleaners  
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Analysis of sexual dimorphism in all 6 eastern U.S. Myotis together 
 
 The eastern U.S. Myotis were also analyzed to determine whether there is any sexual 
dimorphism common to all 6 species. Figure 23 displays the results of a principle component 
analysis of these species, colored by sex. There is no readily apparent pattern in the distribution 
of either sex.  
 
Figure 23. Principal Component Analysis of the 6 eastern U.S. Myotis, colored by sex
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 Table 6 provides the results of a discriminant analysis of these 6 species by sex. The 
discriminant function could correctly identify only 68.4% of specimens to sex. Thirty-three 
percent of all males and 29.4% of all females were misclassified. Figure 24 depicts these results 
visually. Females score higher on the discriminant function than males, but the overall pattern is 
not clearly bimodal.  
 
Analysis of sexual dimorphism of individual species 
 Discriminant function analyses were run to determine whether there was any sexual 
dimorphism in the shape of the dentary in individual species. These analyses met with varying 
levels of success. Myotis austroriparius was distinguished with 100% success (Table 7, Figure 
25). No males (n=10) and no females (n=18) were misclassified. Analysis also successfully 
discriminated 100% of Myotis grisescens according to sex (23 males, 16 females; Table 8, Figure 
26). One male Myotis leibii (n=24) was misclassified as female; zero females (n=10) were 
misclassified (Table 9, Figure 27). This yields a success rate of 97.1%. Myotis lucifugus was the 
least sexually dimorphic species, with only 88.9% of specimens correctly identified to sex (Table 
10, Figure 28). Two males (n=21) and 2 females (n=15) were misclassified. Myotis 
septentrionalis had the least balanced sex ratio, with 28 males and 8 females. These were 
distinguished with 100% accuracy (Table 11, Figure 29). Fifteen male and 18 female Myotis 
sodalis were correctly assigned to sex (Table 12, Figure 30); a 100% success rate. 
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Table 6. Discriminant Analysis of the 6 Eastern U.S. Myotis by Sex 
 
 
Sex 
              Predicted Sex  
Total Male Female 
Original 
Count 
Male 81 40 121 
Female 25 60 85 
Unknown 7 9 16 
% 
Male 66.9 33.1 100.0 
Female 29.4 70.6 100.0 
Unknown 43.8 56.3 100.0 
Cross-validatedb 
Count 
Male 69 52 121 
Female 38 47 85 
% 
Male 57.0 43.0 100.0 
Female 44.7 55.3  
a. 68.4% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 56.3% of cross-validated grouped cases correctly classified. 
 
 
Figure 24. Discriminant Function Analysis of eastern U.S. Myotis by sex 
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Table 7. Discriminant Analysis of Myotis austroriparius by Sex 
 
 
Sex 
               Predicted Sex  
Total Male Female 
Original 
Count 
Male 10 0 10 
Female 0 18 18 
Unknown 0 1 1 
% 
Male 100.0 .0 100.0 
Female .0 100.0 100.0 
Unknown .0 100.0 100.0 
Cross-validatedb 
Count 
Male 3 7 10 
Female 11 7 18 
% 
Male 30.0 70.0 100.0 
Female 61.1 38.9 100.0 
a. 100.0% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 35.7% of cross-validated grouped cases correctly classified. 
 
 
 
Figure 25. Discriminant Function Analysis of Myotis austroriparius by sex 
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Table 8. Discriminant Analysis of Myotis grisescens by Sex 
 
 
Sex 
             Predicted Sex  
Total Male Female 
Original 
Count 
Male 23 0 23 
Female 0 16 16 
Unknown 1 0 1 
% 
Male 100.0 .0 100.0 
Female .0 100.0 100.0 
Unknown 100.0 .0 100.0 
Cross-validatedb 
Count 
Male 11 12 23 
Female 8 8 16 
% 
Male 47.8 52.2 100.0 
Female 50.0 50.0 100.0 
a. 100.0% of original grouped cases correctly classified.  
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 48.7% of cross-validated grouped cases correctly classified. 
 
 
Figure 26. Discriminant Function Analysis of Myotis grisescens by sex 
53 
 
Table 9. Discriminant Analysis of Myotis leibii by Sex 
 
 
Sex 
              Predicted Sex  
Total Male Female 
Original 
Count 
Male 23 1 24 
Female 0 10 10 
Unknown 2 1 3 
% 
Male 95.8 4.2 100.0 
Female .0 100.0 100.0 
Unknown 66.7 33.3 100.0 
Cross-validatedb 
Count 
Male 12 12 24 
Female 7 3 10 
% 
Male 50.0 50.0 100.0 
Female 70.0 30.0 100.0 
a. 97.1% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 44.1% of cross-validated grouped cases correctly classified. 
 
 
 
Figure 27. Discriminant Function Analysis of Myotis leibii by sex 
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Table 10. Discriminant Analysis of Myotis lucifugus by Sex 
 
 
Sex 
              Predicted Sex  
Total Male Female 
Original 
Count 
Male 19 2 21 
Female 2 13 15 
Unknown 1 1 2 
% 
Male 90.5 9.5 100.0 
Female 13.3 86.7 100.0 
Unknown 50.0 50.0 100.0 
Cross-validatedb 
Count 
Male 8 13 21 
Female 11 4 15 
% 
Male 38.1 61.9 100.0 
Female 73.3 26.7 100.0 
a. 88.9% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 33.3% of cross-validated grouped cases correctly classified. 
 
 
Figure 28. Discriminant Function Analysis of Myotis lucifugus by sex 
55 
 
Table 11. Discriminant Analysis of Myotis septentrionalis by Sex 
 
 
Sex 
               Predicted Sex  
Total Male Female 
Original 
Count 
Male 28 0 28 
Female 0 8 8 
Unknown 2 1 3 
% 
Male 100.0 .0 100.0 
Female .0 100.0 100.0 
Unknown 66.7 33.3 100.0 
Cross-validatedb 
Count 
Male 20 8 28 
Female 3 5 8 
% 
Male 71.4 28.6 100.0 
Female 37.5 62.5 100.0 
a. 100.0% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 69.4% of cross-validated grouped cases correctly classified. 
 
 
 
Figure 29. Discriminant Function Analysis of Myotis septentrionalis by sex 
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Table 12. Discriminant Analysis of Myotis sodalis by Sex 
 
 
Sex 
               Predicted Sex  
Total Male Female 
Original 
Count 
Male 15 0 15 
Female 0 18 18 
Unknown 2 4 6 
% 
Male 100.0 .0 100.0 
Female .0 100.0 100.0 
Unknown 33.3 66.7 100.0 
Cross-validatedb 
Count 
Male 7 8 15 
Female 7 11 18 
% 
Male 46.7 53.3 100.0 
Female 38.9 61.1 100.0 
a. 100.0% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each 
case is classified by the functions derived from all cases other than that case. 
c. 54.5% of cross-validated grouped cases correctly classified. 
 
 
 
Figure 30. Discriminant Function Analysis of Myotis sodalis by sex 
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Analysis of the Bat Cave material against the 6 eastern U.S. Myotis 
 Forty-eight specimens from Bat Cave, Kentucky were analyzed against the 6 eastern U.S. 
Myotis as an attempt to identify them to species. The results of a principle component analysis of 
these specimens are shown in Figure 31.  
 
Figure 31. Principal Component Analysis of the 6 eastern U.S. Myotis species and the Bat Cave 
specimens 
 
 Specimens of known species exhibit the same basic pattern as when they were analyzed 
alone; there is a gradient with M. septentrionalis on 1 side, M. leibii, M. lucifugus and M. sodalis 
in the middle, and M. austroriparius and M. grisescens on the other side. Most of the Bat Cave 
specimens form a cluster together and score along the middle to high end of the first principle 
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component and positively along the second principle component. Some of the Bat Cave 
specimens extend beyond the range of the known species. One of the Bat Cave specimens, DSC 
0531, is a substantial outlier. This specimen scores somewhat higher on the first principle 
component and far lower on the second principle component than any other Bat Cave specimen.  
 The results of the discriminant analysis of these specimens are shown in Table 13. 
Specimens of known species were correctly classified 93.2% of the time. Twenty-eight of the 
Bat Cave specimens (58.3%) were classified as Myotis austroriparius. Fifteen (31.3%) were 
classified as M. sodalis. Myotis grisescens, and M. leibii were assigned 2 (4.2%) and 3 (6.3%) of 
the Bat Cave specimens respectively. No Bat Cave specimens were assigned to M. lucifugus or 
M. septentrionalis. Figure 32 presents a graph of the first 2 discriminant functions for this 
analysis. Myotis septentrionalis forms a distinct cluster scoring high on the first discriminant 
function; no Bat Cave specimen falls within the range of this species. Two Bat Cave specimens 
fall within the range of M. leibii, which forms a distinct cluster lower on the second discriminant 
function than the other species. Myotis leibii scores between M. septentrionalis and the other 4 
species on the first discriminant function. The 4 remaining species (M. austroriparius, M. 
grisescens, M. lucifugus, and M. sodalis) overlap with each other substantially on the first 
discriminant function, though M. austroriparius and M. grisescens score slightly lower and M. 
sodalis scores slightly higher. These 4 species overlap almost entirely along the second 
discriminant function, though the range of M. sodalis doesn’t extend as far negatively as the 
other 3 species. The Bat Cave specimens mostly cluster within the group of these 4 species on 
the first 2 discriminant functions. The Bat Cave specimen isolated in the lower left is DSC 0531 
of Figure 32.  
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Table 13. Discriminant Analysis of the 6 Eastern U.S. Myotis, With Bat Cave Specimens as 
Unknowns 
 
 
 
Species 
    Predicted Species  
 
Total 
M. 
austroriparius 
M. 
grisescens 
M. 
leibii 
M. 
lucifugus 
M. 
septentrionalis 
M. 
sodalis 
Original 
Count 
M. austroriparius 27 1 0 1 0 0 29 
M. grisescens 2 37 0 1 0 0 40 
M. leibii 0 0 36 0 0 1 37 
M. lucifugus 1 3 0 33 0 1 38 
M. septentrionalis 0 0 0 0 39 0 39 
M. sodalis 0 0 1 2 1 35 39 
Bat Cave Specimens 28 2 3 0 0 15 48 
% 
M. austroriparius 93.1 3.4 .0 3.4 .0 .0 100.0 
M. grisescens 5.0 92.5 .0 2.5 .0 .0 100.0 
M. leibii .0 .0 97.3 .0 .0 2.7 100.0 
M. lucifugus 2.6 7.9 .0 86.8 .0 2.6 100.0 
M. septentrionalis .0 .0 .0 .0 100.0 .0 100.0 
M. sodalis .0 .0 2.6 5.1 2.6 89.7 100.0 
Bat Cave Specimens 58.3 4.2 6.3 .0 .0 31.3 100.0 
Cross-
validatedb 
Count 
M. austroriparius 21 4 0 4 0 0 29 
M. grisescens 5 32 0 2 0 1 40 
M. leibii 0 0 34 1 0 2 37 
M. lucifugus 1 3 1 29 0 4 38 
M. septentrionalis 0 0 0 0 38 1 39 
M. sodalis 1 1 2 3 1 31 39 
% 
M. austroriparius 72.4 13.8 .0 13.8 .0 .0 100.0 
M. grisescens 12.5 80.0 .0 5.0 .0 2.5 100.0 
M. leibii .0 .0 91.9 2.7 .0 5.4 100.0 
M. lucifugus 2.6 7.9 2.6 76.3 .0 10.5 100.0 
M. septentrionalis .0 .0 .0 .0 97.4 2.6 100.0 
M. sodalis 2.6 2.6 5.1 7.7 2.6 79.5 100.0 
a. 93.2% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the 
functions derived from all cases other than that case. 
c. 83.3% of cross-validated grouped cases correctly classified. 
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Figure 32. Discriminant Function Analysis of the 6 eastern U.S. Myotis, treating the Bat Cave 
specimens as unknown 
 
Analysis of the Bat Cave material against the 4 most probable eastern U.S. Myotis 
 Because no Bat Cave specimens were assigned to M. lucifugus or M. septentrionalis, the 
analysis was run again excluding these species. A principle component analysis of these 
specimens is shown in Figure 33. Myotis sodalis scores higher than M. austroriparius and M. 
grisescens on the second principle component. The Bat Cave specimens tend to score higher on 
the first principle component. DSC 0531 is again an outlier, scoring extraordinarily low on the 
second principle component.  
61 
 
Figure 33. Principal Component Analysis of Myotis austroriparius, M. grisescens, M. leibii, and 
M. sodalis with the Bat Cave specimens treated as unknown 
 
 Table 14 shows results of the discriminant analysis of these 4 species and the Bat Cave 
specimens. The known species were correctly identified 97.2% of the time. Twenty-four of the 
Bat Cave specimens (50%) were assigned to Myotis austroriparius. Myotis sodalis comprised 18 
of the specimens (37.5%). Four of the Bat Cave specimens were attributed to Myotis grisescens 
(8.3%) and 2 to M. leibii (4.2%).  
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Table 14. Discriminant Analysis of the 4 Most Probable Candidate Species for the Bat Cave 
Fauna, With the Bat Cave Specimens Treated as Unknown 
 
 
Species 
                Predicted Species  
Total M. austroriparius M. grisescens M. leibii M. sodalis 
Original 
Count 
M. austroriparius 28 0 0 1 29 
M. grisescens 2 38 0 0 40 
M. leibii 0 0 36 1 37 
M. sodalis 0 0 0 39 39 
Bat Cave Specimens 24 4 2 18 48 
% 
M. austroriparius 96.6 .0 .0 3.4 100.0 
M. grisescens 5.0 95.0 .0 .0 100.0 
M. leibii .0 .0 97.3 2.7 100.0 
M. sodalis .0 .0 .0 100.0 100.0 
Bat Cave Specimens 50.0 8.3 4.2 37.5 100.0 
Cross-validatedb 
Count 
M. austroriparius 24 4 0 1 29 
M. grisescens 9 30 0 1 40 
M. leibii 0 0 35 2 37 
M. sodalis 1 0 2 36 39 
% 
M. austroriparius 82.8 13.8 .0 3.4 100.0 
M. grisescens 22.5 75.0 .0 2.5 100.0 
M. leibii .0 .0 94.6 5.4 100.0 
M. sodalis 2.6 .0 5.1 92.3 100.0 
a. 97.2% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the 
functions derived from all cases other than that case. 
c. 86.2% of cross-validated grouped cases correctly classified. 
 
 
 Figure 34 plots the first 2 discriminant functions of this analysis. The first axis separates 
Myotis leibii from M. austroriparius and M. grisescens, while M. sodalis is intermediate. Myotis 
sodalis largely separates from the other 3 species along the second axis. The Bat Cave specimens 
mostly cluster between M. sodalis and the M. austroriparius/M. grisescens group, with only a 
few specimens plotting close to M. leibii. DSC 0531 scores far lower than any other specimen on 
the second discriminant function.  
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Figure 34. Discriminant Function Analysis of Myotis austroriparius, M. grisescens, M. leibii, 
and M. sodalis treating the Bat Cave specimens as unknown 
 
 
 Figure 35 plots the second and third discriminant functions of this same analysis. The 
third discriminant function separates M. austroriparius from M. grisescens. Most of the Bat Cave 
specimens plot lower on the third discriminant function than do specimens of M. grisescens. 
DSC 0531 is an even more pronounced outlier on this chart; it scores anomalously low on both 
the second and third discriminant functions.  
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Figure 35. Discriminant Function Analysis of Myotis austroriparius, M. grisescens, M. leibii, 
and M. sodalis treating the Bat Cave specimens as unknown 
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CHAPTER 5 
DISCUSSION AND CONCLUSION 
 Results of this study agree with Gannon and Rácz, (2006) and Sztencel-Jabłłonka et al. 
(2009) in suggesting that morphometric analysis of the dentary is a promising method for 
distinguishing between vespertillionid species in the fossil record. In particular the 6 species of 
eastern U.S. Myotis were distinguished fairly successfully using this method. The separation of 
new world Myotis species into 2 sub-clades (Ruedi and Mayer 2001; Stadelmann et al. 2007) was 
also supported morphologically. Unique morphological adaptations for gleaning were consistent 
with previous findings (Norberg and Rayner 1987; Norberg and Fenton 1988, Faure 1993). 
There was some evidence of sexual dimorphism, but only within individual species. These 
results also partly agree with Colburn (2005) as to the composition of the Bat Cave material and 
may provide additional insight regarding material that previously could only be identified as 
‘medium-sized Myotis. These results are discussed in greater detail below. 
 
Anomalous Specimens 
 Two possibilities exist to explain the 2 specimens with anomalous dental formulae 
(USNM 554310, Figure 4; USNM 363418, Figure 5); either the specimens were misidentified to 
genus or dental formula is not an entirely consistent trait for Myotis. The latter possibility could 
have important ramifications for the identification of Myotis in the fossil record; dental formula 
has previously been recognized as 1 of the most important characteristics for identifying this 
genus (Toomey 1993; Czaplewski et al. 2002; Gaudin et al. 2011). Therefore it is paramount to 
explore the possibility that these specimens have simply been misidentified.  
 USNM 363418, currently identified as a male Myotis lucifugus lucifugus, was collected 
66 
in 1955 at Cambellsburg, Washington County, Indiana. It was noted as the only bat found just 
inside the mouth of the cave, and that it has a short forearm, only 31mm. According to Gaudin et 
al. (2011), 5 genera of bats in the eastern United States have the lower dental formula of this 
specimen (3.1.2.3): Eptesicus, Tadarida, Perimyotis, Nycticeius, and Lasiurus.  
 According to the key provided by Gaudin et al. (2011, supplementary appendix) 
Eptesicus can be ruled out on the basis of size, both of the dentary and the external 
measurements recorded. Tadarida and Lasiurus can also both be ruled out based on overall 
morphology; Tadarida lacks a posterior notch separating madibular condyle and the angular 
process, while Lasiurus has a coronoid process approximately the same height as the canine 
(Gaudin et al. 2011). Finally, Perimyotis has a diastemma on either side of i3 (absent in USNM 
363418) and a nearly horizontal posterior margin of the coronoid process (Gaudin et al. 2011). 
Thus based on morphology of the dentary USNM 363418 is most consistent with Nycticeius 
humeralis, although a number of characters used by Gaudin et al. (2011) are only visible in 
occlusal view and were not directly observed by the author because this specimen was not 
recognized as anomalous when it was initially photographed. Washington County, Indiana, 
where this specimen was collected, does fall within the geographic range of N. humeralis, which 
extends throughout the southeastern United States as far north as Iowa, Illinois, southern 
Michigan, and southern Pennsylvania and as far west as eastern Kansas, Oklahoma, and Texas 
(Watkins 1972).  
 Forearm length of USNM 363418 is slightly shorter (31mm: Collections Records) than 
the recorded range for Nycticeius humeralis (33mm-39mm: Hall and Kelson 1959; Barbour and 
Davis 1969), though males of this species are generally smaller than females (Barbour and Davis 
1969). This particular specimen is male (USNM Collections Records). Nycticeius humeralis has 
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also been noted as having a similar appearance to Myotis lucifugus (Barbour and Davis 1969). 
However, this species is rarely found in caves, though a couple of instances are known where 
this species was found in or around a cave (Barbour and Davis 1969); 1 specimen found inside a 
cave was a juvenile male (Easterla 1965). This, combined with the fact that N. humeralis tends to 
form separate clusters when caged with Myotis lucifugus or M. sodalis (Watkins 1972) could 
potentially explain the occurrence of this individual alone just inside the cave entrance. Thus it 
seems possible that this specimen represents a Nycticeius humeralis, potentially juvenile or sub-
adult. However, this conclusion should be regarded as tentative considering the rarity of N. 
humeralis in caves and the fact that the anomalous dental formula was not recognized in time to 
review the specimen in person. USNM 363418 will have to be re-examined in greater detail in 
order to resolve this question.  
 USNM 554310, currently identified as a male Myotis septentrionalis, was collected in 
December 1968 at Silica Mines, 3 miles WNW of Elco, Alexander County, Illinois (USNM 
Collections Records). Neither external measurements nor additional notes were provided. 
Morphology is very similar to USNM 363418 and is also most consistent with Nycticeius 
humeralis based on the key by Gaudin et al. (2011). The same caveats that applied to USNM 
363418 apply to this specimen as well. Identification as N. humeralis is, if anything, more 
tentative in the case of USNM 554310, given the dearth of additional recorded information. 
However, it is notable that this specimen was collected at approximately the same time and place 
as the 2 morphologically anomalous M. septentrionalis discussed below. 
  Two Myotis septentrionalis specimens, USNM 554302 and 554309, proved to be 
substantial outliers among this species (Figure 6). Consequently, these specimens were excluded 
from further analyses. If these specimens are indeed M. septentrionalis this might bias those 
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results. Omission of correctly identified outliers could misrepresent the individual variation 
within a species and artificially amplify the capacity of a discriminant analysis to distinguish 
between species. These 2 individuals were excluded anyway because they fell so far outside the 
range of the other M. septentrionalis that their identification seemed doubtful. No other 
specimens fell so far outside the morphospace of their purported species. This is supported by the 
fact that discriminant analyses preferred any other eastern U.S. Myotis to M. septentrionalis as an 
identification of these individuals. 
 USNM 554302 and 554309 were collected at the Silica Mines 3 miles WNW of Elco, 
Alexander County, Illinois (USNM Collections Records). Twelve other specimens (USNM 
554290, 554291, 554301, 554303, 554304, 554305, 554306, 554307, 554308, 554310, 554311, 
554312) were gathered from the same locality at the same approximate time: between October 
and December 1968, and by the same researcher (USNM Collections Records). Four of the other 
specimens were identified as Myotis lucifugus; the rest were designated M. septentrionalis. The 2 
anomalous specimens were noted to be smaller than other specimens from the Silica Mines 
(Suzanne Peurach, pers. comm. 2012) with the exception of USNM 554310, 1 of the specimens 
with an anomalous dental formula. Because M. septentrionalis may cohabitate caves with other 
Myotis species, notably M. leibii, M. lucifugus, and M. sodalis (Allen 1939), it seems possible 
that USNM 554302, 554309, and 554310 were misidentified as M. septentrionalis after being 
found in close association with a cluster of this species. Although USNM 554302 and 554309 
were classified as M. sodalis when treated as unknowns, this should be treated as highly tentative 
because the discriminant analysis did not classify specimens of known species with 100% 
accuracy. Such an occurrence would be consistent, however, with the occasional occurrence of 
M. septentrionalis and M. sodalis in the same cave (Allen 1939). Unfortunately only the skulls of 
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these specimens have been preserved, so future investigation of their identification will have to 
rely solely on this material rather than any external characteristics.  
 
Repeatability of Landmark Placement 
 The results of the DFA analyzing the repeatability of landmark placement indicate that 
landmarks could be located quite consistently. Thus it is unlikely that variation in the digitization 
of landmarks significantly impacted the results of any of the other analyses. Ideally each 
specimen in this analysis would have been independently photographed for each replicate as 
well, but this was not done due to time constraints during photography. However, the 
photographic protocol should serve to minimize effects of photographic variation.  
 
Analysis of the 6 eastern U.S. Myotis species 
 The basic pattern appearing in Figures 10 and 11, with Myotis septentrionalis separate 
from the others and M. austroriparius and M. grisescens plotting together, agrees with earlier 
versions of this project using the smaller sample in Appendix 1. These early versions of this 
study will be described in Appendix 2. The later analyses of the New-World Myotis sub-clades 
and foraging strategy were devised in attempt to explain this pattern. The marked separation 
between M. leibii and the other species was not evident in early analysis and thus no hypotheses 
were explicitly tested regarding this species. This phenomenon might prove a fruitful avenue for 
future research. 
 The main goal of this analysis was to devise a method of identifying dentaries to species. 
Unfortunately the DFA of the eastern U.S. Myotis was not entirely successful, with only 93.2% 
of specimens correctly identified. This is low enough that identifications of individual specimens 
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using this methodology should be regarded as tentative. However, the success rate is high 
enough that conclusions may be drawn regarding which species were major components of a 
particular fossil sample. That is, although individual identifications must be treated with caution, 
if a large number of specimens are allocated to the same species then there is a high probability 
that the species in question was a significant portion of the fauna.  
 In comparison with these results, Menzel et al. (2005) were able to discriminate between 
these species with a 99.4% success rate using both skull and external measurements recorded on 
tags. Using only skull measurements they had a success rate of 96.9% (Menzel et al. 2005). 
Although the present analysis was less accurate, it relied on the dentary alone. Therefore in 
situations where Myotis material is too limited for an adequate sample of cranial material, the 
methods used in this study may be a viable alternative. This method is able to identify certain 
species (i.e. Myotis leibii and M. septentrionalis) with a high degree of accuracy. Furthermore, if 
these species can be ruled out, analysis of the remaining species is more effective. In particular, 
M. grisescens can be largely distinguished on the basis of size alone (Gaudin et al. 2011). If size 
data were combined with the methods used in this project, it is probable that M. grisescens could 
be recognized very reliably.  
 Once the other species have been eliminated as possibilities, Myotis austroriparius, M. 
lucifugus, and M. sodalis, the species previously recognized as most difficult to distinguish, can 
be recognized with 97.2% accuracy. Notably, the endangered M. sodalis in particular was 
identified with 100% accuracy and only 2 false positives. This could have important applications 
for conservation. If a fossil population is analyzed and a significant proportion of specimens are 
assigned to M. sodalis, there is a good chance that the species was present. If the population is 
thought to have disappeared due to human intervention, steps might then be taken to restore the 
71 
cave to its previous state in hopes that the colony would be reestablished. This could be 
particularly important in light of the fact that just 9 hibernacula serve approximately 85% of the 
species (Arroyo-Cabrales and Ticul Alvarez Castaneda 2008). Thin-Plate Splines were found 
only slight morphological differences between Myotis austroriparius, M. lucifugus, and M. 
sodalis. It is thus doubtful that these characters could be used to help identify these species in the 
field or without statistical analysis.  
 Another important avenue for future research would be the addition of other Myotis 
species, particularly those that currently occur in the western United States. If these species could 
be accounted for as well, it would remove the need for assuming the geographic stability of this 
genus over time. Additional work could be an examination of morphological variation of the 
angular process in Myotis. This process was observed to be highly variable, but unfortunately the 
landmark-based scheme in this project was unable to adequately capture the shape of this feature 
(part of the reason for the various landmark schemes tested in Appendix 2).  
 
Analysis of the New World Myotis sub-clades 
 As noted above, Myotis austroriparius and M. grisescens frequently grouped together in 
various analyses. One possibility is that this pattern may result from the shared phylogeny of 
these species. According to a study of molecular phylogenetics by Stadelmann et al. (2007) the 
new world members of the genus Myotis form a monophyletic group along with M. brandtii and 
M. gracilis. Their study also indicated that this group can be further divided into 2 sub-clades: a 
primarily Neotropical sub-clade and an exclusively Nearctic sub-clade (Stadelmann et al. 2007). 
Myotis austroriparius and M. grisescens belong to the Neotropical sub-clade, while the other 4 
species of eastern U.S. Myotis belong to the Nearctic sub-clade (Stadelmann et al. 2007). 
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Although there appears to be some overlap, the discriminant analysis of these sub-clades 
separated the 2 groups fairly well. This probably indicates that each of these clades do indeed 
share some unique morphological characteristics due to shared phylogenetic heritage. The 
hypothesis that M. austroriparius and M. grisescens were grouping together due to being closely 
related is supported by the results of this analysis. Future work might use these results to help 
interpret the evolutionary relationships of extinct Myotis populations.  
 
Foraging strategy analyses 
 The distinctive foraging strategy of Myotis septentrionalis among eastern U.S. Myotis 
was hypothesized to be the reason for this species’ morphological uniqueness (e.g. Figure 11). 
This hypothesis was strongly supported by the results of discriminant analysis of gleaning versus 
hawking Myotis species. Foraging strategy groups were distinguished with a surprisingly high 
degree of accuracy (97.9%). Species chosen to represent the gleaning foraging strategy are not 
more closely related to each other than to hawking species, according to Stadelmann et al. 
(2007). Therefore the morphological similarity of these species is more likely due to 
convergence than to shared ancestry. The success of this discriminant analysis potentially opens 
the door for future research of feeding strategy among fossil Myotis populations.  
 Gleaning species have a number of traits in common that facilitate this foraging strategy. 
For instance, Faure (1993) showed that Myotis septentrionalis produces echolocation calls that 
are brief, high frequency, and comparatively quiet: adaptations thought to make the calls less 
detectible by moths otherwise able to hear bat calls. Additionally, gleaning species have wings 
that are morphologically adapted to slow, maneuverable flight and hovering (Norberg and 
Rayner 1987; Norberg and Fenton 1988). The morphological differences noted in this project 
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between gleaning and hawking Myotis species may relate to prey acquisition, mastication of 
prey, or both.  
 Reduker (1983) noted that Myotis evotis (a gleaner) had a more elevated coronoid process 
than M. volans (a hawker), a finding that matches the results of the present study. He concluded 
that this feature serves to maximize adduction of the jaw, and that M. evotis has a bite that is both 
faster than that of M. volans, as well as stronger at gape angles less than 60° (Reduker 1983). A 
faster bite could be advantageous for gleaners because they catch prey in their mouths, whereas 
aerial hawkers tend to catch prey in their patagia (Reduker 1983, Fenton and Bogdanowicz 
2002). A stronger bite at narrow gapes would help with puncturing and shearing larger insects 
(Reduker 1983). Several studies have found that the diet of M. septentrionalis is similar to that of 
sympatric Myotis species when prey is analyzed at the order level; M. septentrionalis eats more 
spiders, but these tend to be a small percentage of the diet by volume (Whitaker 2004, Thomas et 
al. 2012). However, another study found that M. septentrionalis tends to eat greater amounts of 
large (> 4mm) beetles (Lee and McCracken 2004).  
 
Analyses of sexual dimorphism 
 Analysis of sexual dimorphism initially incorporated all 6 eastern U.S. species together. 
This was done because it was hoped that the results would be applicable regardless of ability to 
determine the particular species present in a fossil assemblage. Unfortunately the results did not 
indicate any features consistently dimorphic across all 6 species. Discriminant analysis failed to 
distinguish between sexes with anything approaching a useful degree of accuracy. Analysis of 
each species individually proved more promising. The sexes could be distinguished with 100% 
accuracy for 4 (Myotis austroriparius, M. grisescens, M. septentrionalis, and M. sodalis) of the 6 
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species. Additionally, Myotis leibii only had 1 misidentified specimen, leaving only M. lucifugus 
with a comparatively low success rate. Even then, M. lucifugus was separated at a rate of 
approximately 90%. Therefore when the exact species can be determined it may be possible to 
identify sex ratios of fossil Myotis populations. This may enable future research to draw 
conclusions about past differential use of caves by males and females. However, it should be 
borne in mind that the sample sizes of each sex in these analyses were small, because these 
analyses were afterthoughts to the main research questions. This is reflected by the 
comparatively poor results of cross-validating individual specimens. It will be important to 
verify these results with larger sample sizes before regarding them as more than tentative. Myotis 
leibii and M. septentrionalis in particular were based on uneven sample sizes, with substantially 
more males than females (24 versus 10 for M. leibii; 28 versus 8 for M. septentrionalis).  
 
Analysis of the Bat Cave material 
 Discriminant analysis of the Bat Cave material strongly supported the presence of both 
Myotis austroriparius and M. sodalis, with lesser support for the presence of M. grisescens and 
M. leibii. This analysis did not provide any support for the presence of M. lucifugus or M. 
septentrionalis. The discriminant analysis did occasionally misclassify specimens, so the 
presence of the latter 2 species cannot be ruled out entirely. However, these results imply that 
neither M. lucifugus nor M. septentrionalis were present in any appreciable numbers in this 
assemblage. The apparent absence of M. lucifugus in particular is interesting; this is the most 
common species at the cave today and previous studies attributed some of the cranial material 
from the deposit to M. lucifugus (Colburn 2005). These results suggest that the predominance of 
M. lucifugus at Bat Cave is a comparatively recent development, having occurred since the 
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formation of the fossil deposit. The absence of M. septentrionalis, in contrast, is less surprising 
because only small numbers of this species have been observed at the cave (Colburn 2005). 
 Once these 2 species were removed from the analysis, the other 4 (Myotis austroriparius, 
M. grisescens, M. leibii, and M. sodalis) still comprise approximately the same proportions of the 
fauna. Myotis austroriparius and M. sodalis appear to be the major components, possibly with 
occasional members of the other 2 species. The large numbers of M. austroriparius, at 50% of 
the specimens, is intriguing. This species has not previously been identified among the fossils 
and has not historically been a major component of the hibernaculum (Colburn 2005). 
Nevertheless, the southeastern Myotis has occasionally been captured at the cave (USNM 
collections records). Furthermore, these results are consistent with Colburn’s (2005) attribution 
of much of the Bat Cave material to “medium-sized Myotis”.   
 Occurrence of the endangered Myotis sodalis is also interesting, though not unexpected. 
The Indiana bat has historically been an important component of the hibernaculum, though its 
numbers have been decreasing in recent years (Macgregor 1999 and Wethington 2004; personal 
communications to Mona Colburn in Colburn 2005). Additionally, several of the Bat Cave crania 
have previously been attributed to M. sodalis (Colburn 2005). These results provide additional 
support for the long-term use of Bat Cave as a hibernaculum by this endangered species.  
 The apparent presence of small numbers of Myotis grisescens and M. leibii should be 
interpreted cautiously because the analyses were less than 100% successful at distinguishing 
between species. However, it is notable that in the final analysis (Table 14) neither of these 
species had any false positives among the known specimens, and that the analysis had a success 
rate of 97.2%. The gray bat is known to have a bachelor colony present at the cave during 
summer (Colburn 2005). Additionally, several dentaries from the deposit have previously been 
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attributed to M. leibii due to their small size (Colburn 2005). Thus the presence of these species 
at Bat Cave is consistent with previous research.  
 Reviewing the placement of the landmarks on DSC 0531 failed to provide any obvious 
reason for this specimen to be such a pronounced outlier. This specimen was assigned to M. 
austroriparius by the analyses but shows marked dissimilarity with the other Bat Cave 
specimens placed in this species. It seems possible that this specimen does not represent 1 of the 
6 Myotis species in the analysis. The present data do not preclude the possibility that DSC 0531 
represents an extinct species, but the absence of any supporting evidence makes this unlikely. A 
more probable explanation is that this specimen may belong to a species that does not typically 
occur in the eastern United States. Alternately it may simply be a morphologically bizarre 
individual. There were no obvious signs of pathology, but no meticulous examination was made. 
For now the nature of this specimen remains inconclusive.  
 We are left with an intriguing picture of Bat Cave’s past. It seems the cave has long been 
home to several bat species, but at differing proportions from those of the present. These results 
suggest that Myotis austroriparius and M. sodalis used to have substantial colonies at Bat Cave. 
Myotis grisescens and M. leibii may also have been present at lower levels, along with Eptesicus 
fuscus, Perimyotis subflavus, and Corynorhinus sp. (Macgregor 1991; Colburn 2005). While M. 
sodalis has continued to use the cave until its recent decline, M. austroriparius appears to have 
abandoned the cave as a major roost. At some point, possibly after the deposition of the fossils, a 
substantial colony of M. lucifugus became established. If future research supports these results an 
important and fascinating avenue of further work will be explaining changes in the composition 
of the chiropteran fauna at Bat Cave.  
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Conclusions 
• Several specimens from the Smithsonian Institution National Museum of Natural History 
are likely misidentified 
o USNM 554310 and USNM 36418 are probably not Myotis 
o USNM 554302 and USNM 554309 are probably not Myotis septentrionalis 
• Landmark-based geometric morphometrics of the dentary constitute a viable method for 
analyzing fossil samples of Myotis in the eastern United States 
• There is evidence that the Neotropical and Nearctic Myotis sub-clades have differing 
morphology of the dentary as a result of phylogeny 
• There is evidence for convergent evolution in the morphology of the dentary among 
Myotis species that feed primarily by gleaning 
• There is no evidence of sexual dimorphism of the dentary common to all 6 species of 
eastern U.S. Myotis 
o Individual species show some tentative evidence of sexual dimorphism of the 
dentary 
• The Bat Cave deposits consist mainly of Myotis austroriparius and M. sodalis, possibly 
with smaller numbers of M. grisescens and M. leibii 
• Geometric morphometric analysis of Myotis dentaries may elucidate changes in the 
species composition of bat populations over time 
• Geometric morphometric analysis of Myotis dentaries could be used to identify defunct 
roosts that could then be restored or protected to aid in conservation of these species 
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APPENDICES 
APPENDIX A 
LIST OF SPECIMENS 
Myotis austroriparius (n=29)  
USNM 248171, 248172, 248174, 248176, 248177, 251919, 260854, 260855, 260856, 260857, 
260858, 263571, 263572, 263573, 263575, 263616, 302323, 302324, 302325, 363378, 363379, 
363381, 363384, 568964, 568965, 153630, 263574, 348334, 348337  
 
Myotis chiloensis (n=11)  
USNM 102588, 102589, 102590, 102591, 142560, 142561, 236232, 236236, 236237, 252599, 
252765  
 
Myotis evotis (n=9)    
USNM 38680-22237, 112015, 148161, 148163, 148164, 148165, 149200, 250556, 271166  
 
Myotis grisescens (n=40)  
USNM 113998, 157516, 157520, 157521, 157522, 157525, 157527, 157528, 157529, 157530, 
157533, 157534, 157535, 157536, 202030, 249133, 288050, 363385, 512876, 512877, 514946, 
53023, 547677, 547682, 547683, 547684, 547685, 547686, 547687, 547688, 547689, 547690, 
547691, 554295, 570826, 157518, 157531, 512890, 547678, 554297  
 
Myotis leibii (n=37)  
USNM 116778, 116779, 116780, 130986, 150274, 159715, 168937, 168985, 169286, 187403, 
187406, 187407, 187853, 224164, 226100, 249139, 252495, 252496, 270086, 296705, 297214, 
314985, 364632, 461880, 487616, 489615, 552741, 55845, 589244, 589245, 60950, 13514, 
202783, 249138, 296704, 364631, 461879  
 
Myotis levis (n=3)  
USNM 142562, 142564, 252766  
 
Myotis lucifugus (n=38)  
USNM 258031, 270389, 270390, 270903, 293802, 293803, 296428, 311567, 311568, 311569, 
311570, 311571, 311572, 311574, 311575, 311796, 347711, 347712, 347713, 363391, 363413, 
363416, 363417, 363419, 363420, 363421, 363425, 363426, 554290, 554291, 554311, 554312, 
59374, 208569, 208719, 230159, 567993, 574276  
 
Myotis septentrionalis (n=41; * indicates 2 specimens found to be anomalous and omitted from 
all analyses except where otherwise noted)  
USNM 085468, 114015, 117109, 150277, 153636, 153637, 153640, 156914, 167977, 187423, 
187427, 257920, 258032, 258033, 258034, 258037, 258038, 347709, 363386, 363388, 363389, 
363390, 363392, 363393, 363406, 363407, 38674/015059, 398174, 554301, 554302*, 554304, 
554305, 554306, 554307, 554308, 554309*, 249696, 293129, 296672, 296675, 347710  
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Myotis sodalis (n=39)  
USNM 141877, 141878, 141879, 257921, 258025, 258026, 258027, 311674, 363486, 363487, 
363488, 363489, 363490, 363492, 363493, 38527, 38604, 547695, 547699, 547700, 547701, 
547702, 547703, 547704, 547705, 547706, 82463, 82477, 82479, 82519, 82530, 82534, 82538, 
82582, 82638, 206588, 270244, 270251, 296699  
 
Myotis thysanodes (n=25)  
USNM 248542, 248896, 554317, 554318, 554319, 554320, 554321, 554323, 554324, 554325, 
554327, 554328, 554330, 554331, 554332, 554333, 570638, 570641, 570648, 570649, 570654, 
570676, 570683, 570684, 570697  
 
Myotis velifer (n=28)  
USNM 50780, 243776, 243777, 329576, 553799, 553800, 553801, 559733, 559734, 559735, 
559736, 559737, 559738, 559739, 559740, 559741, 559742, 559743, 559744, 559745, 559746, 
559747, 559748, 559749, 559750, 559751, 559752, 559753, 142560, 142561, 236232, 236236, 
236237, 252599, 252765  
 
Bat Cave Specimens (n=48; * indicates reflected images of left dentaries)  
DSC 0527, 0531*, 0532*, 0544*, 0545, 0546*, 0547, 0548, 0556, 0557, 0558, 0563, 0564, 0565, 
0566, 0567, 0568, 0569, 0570*, 0571*, 0572*, 0573*, 0574*, 0575*, 0577*, 0578*, 0579*, 
0582*, 0584, 0585, 0589*, 0593*, 0594*, 0595, 0596, 0610, 0611, 0613*, 0615, 0616, 0617, 
0618, 0627, 0628, 0629, 0631, 0632, 0633  
 
Specimens analyzed as a composite image created using a syncroscopy microscope (these are the 
specimens used in preliminary analysis prior to photographing the rest of the specimens used): 
Myotis austroriparius: 
USNM 153630, 263574, 348334, 348337 
 
Myotis grisescens: 
USNM 157518, 157531, 512890, 547678, 554297 
 
Myotis leibii: 
USNM 13514, 202783, 249138, 296704, 364631, 461879 
 
Myotis lucifugus: 
USNM 208569, 208719, 230159, 567993, 574276 
 
Myotis septentrionalis: 
USNM 249696, 293129, 296672, 296675, 347710 
 
Myotis sodalis: 
USNM 206588, 270244, 270251, 282642, 296699 
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APPENDIX B 
REJECTED METHODS 
 Prior to carrying out the analyses described in earlier chapters, a series of initial analyses 
were performed using several variations on the landmark scheme to assess which would be most 
suitable for the project. The differences between these methods and those used for the project 
will be discussed below, along with the rationale for their initial assessment and later exclusion 
in the actual project. All analyses described here used the 30 specimens imaged with a 
syncroscopy microscope and noted at the end of Appendix A.  
 Landmarks 
Early analyses used several landmarks excluded in the final project: 
5a. Intersection of angular process and body of the mandible: point of maximum curvature 
6a. Posterior border of mental foramen: point of maximum curvature 
7a. Point at which the lateral side of the ramus of the mandible obscures the lingual side of the 
 mandibular body  
7b. Point of maximum curvature on dorsal border of the body of the mandible, posterior to m3 
These landmarks are shown in Figure 36.  
 
Figure 36. Rejected landmarks 
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 Landmark 5a is essentially the ventral point at the base of the angular process. It was 
ultimately excluded because in some specimens it cannot be reliably located; the ventral border 
of the dentary from the tip of the angular process to the ventral point of the mandibular 
symphysis forms 1 continuous curve.  
 Landmark 6a is present in all specimens but could not be reliably located in some 
photographs due to lighting. Additionally, initial stepwise discriminant analyses did not highlight 
this as 1 of the more important landmarks. Of the ultimately excluded landmarks this is the most 
promising candidate for future research.  
 Landmark 7a is not a true intersection of structures but at least partially an artifact of the 
angle of photography. Thus this landmark was considered unreliable, even though the angle of 
photography was standardized as much as possible. 
 Landmark 7b is the point where the dorsal border of the body of the mandible curves 
most sharply to meet the ramus of the mandible. However, in some specimens this curve is 
continuous and landmark 7b could not be reliably located; hence its exclusion.  
 Another analysis used the same landmarks as detailed in Chapter 3, but excluding those 
landmarks rejected by stepwise discriminant analysis. However, the resulting landmark scheme 
distinguished between species with a lower rate of success than the scheme used in the final 
project.  
  
Sliding Semi-Landmarks 
 Early analyses also included some curves digitized with sliding semi-landmarks.  
1. Curve on posterior border of mandibular condyle, between landmarks 3 & 4 
2. Curve on dorsal border of angular process, between landmarks 4 & 5 
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3. Curve on ventral border of angular process, between landmarks 5 & 5a  
4. Curve on ventral border of body of the mandible, between landmarks 5a & 6 
 Another version digitized the entire angular process between landmarks 4 & 5a as a 
single curve. These curves were assessed primarily as a way of analyzing the shape of the 
angular process, which was observed to vary widely in different individual Myotis (Figure 37). 
However, the sliding semi-landmarks failed to adequately capture the shape of the angular 
process and swamped the regular landmarks; hence, the semi-landmarks were excluded in the 
final project. Variation in the morphology of the angular process of Myotis remains a promising 
area for future research. 
 
Figure 37. Observed variation in the angular process of Myotis 
  
88 
VITA 
KYLE J. JANSKY 
 
Personal Data:   Date of Birth: November 28, 1987 
    Place of Birth: Saint Cloud, Minnesota 
    Marital Status: Single 
 
Education:   Cathedral High School, Saint Cloud Minnesota 
    B.A. Natural Science, Saint John’s University, Collegeville,  
     Minnesota 2010 
    M.A. Geosciences, East Tennessee State  
     University, Johnson City, Tennessee 2013 
 
Professional Experience: Summer Research Fellow, Saint John’s University, 2008 
    Teaching Assistant, Saint John’s University, Department of  
     Geology, 2009 
    Teaching Assistant, East Tennessee State University, Department  
     of Geosciences, 2011-2013 
 
Honors:   2010 Dean’s List, Saint John’s University 
